To study hepatitis C virus (HCV) genetic mutation during interferon (IFN) therapy, the temporal changes in HCV quasispecies heterogeneity were compared before and after treatment for nine patients infected with HCV genotype 1, including four nonresponders, four responders who relapsed after therapy, and one responder who experienced a breakthrough of viremia during therapy. Nine untreated patients with an average time between specimens of 8.4 years served as controls. Sequences from the second envelope glycoprotein gene hypervariable region 1 (HVR1) and the putative IFN sensitivity-determining region (ISDR) of the nonstructural NS5A gene were analyzed by heteroduplex mobility assays and nucleotide sequencing. A strong positive correlation was found between the percent change in a heteroduplex mobility ratio (HMR) and percent change in nucleotide sequence (r ‫؍‬ 0.941, P < 0.001). The rate of fixation of mutations in the HVR1 was significantly higher for IFN-treated patients than for controls (6.97 versus 1.31% change in HMR/year; P ‫؍‬ 0.02). Similarly, a higher rate of fixation of mutations was observed in the ISDR for IFN-treated patients than for untreated controls, although the result was not significant (1.45 versus 0.15 amino acid changes/year; P ‫؍‬ 0.12). On an individual patient basis, IFN therapy was associated with measurable HVR1 and ISDR mutation in nine of nine (100%) and two of nine (22.2%) patients, respectively. Evolution to IFN-resistant ISDR sequences was observed in only one of nine IFN-treated patients. These data suggest that IFN therapy frequently exerts pressure on the HCV envelope region, while pressure on the ISDR was evident in only a subset of patients. Thus, the selection pressures evoked on HCV genotype 1 quasispecies during IFN therapy appear to differ among different patients.
Hepatitis C virus (HCV), the etiologic agent of chronic non-A, non-B hepatitis, is an enveloped, positive-stranded RNA virus classified within the flaviviridae (4) . Acute HCV infection results in persistent viremia in 85 to 95% of cases, and at least 60% of infected individuals develop chronic hepatitis (1) . Furthermore, approximately 20 to 30% of chronic hepatitis C cases eventually progress to cirrhosis and/or hepatocellular carcinoma, and chronic hepatitis C is now the leading indication for orthotopic liver transplantation in the United States (1) .
Currently, recombinant alpha interferon (IFN), at the standard dose of 3 to 5 mU three times per week, is the most widely used treatment for chronic hepatitis C. A 6-month course of systemic IFN therapy leads to normalization of serum alanine aminotransferase levels in 40 to 50% of cases. However, biochemical relapse following discontinuation of therapy is common (6, 9, 28, 29) . Virological factors including high pretreatment titers of HCV, and the viral genotype have been associated with either lack of response or relapse after therapy (6, 26, 44, 48, 53, 54) .
HCV exists in infected individuals as a quasispecies which usually consists of a predominant viral variant and a variable mixture of highly related yet genetically distinct variants (35) . The study of the biological role of HCV quasispecies has historically focused on hypervariable region 1 (HVR1) of the second envelope (E2) glycoprotein gene (25, 50) . Numerous studies suggest that the HVR1 is a target of neutralizing antibodies and that the selection directed at this region of the E2 protein is responsible for the fixation of the apparent hypervariability (13, 24, 32, 39, 49, 56) . With respect to the role of HVR1 in response to IFN therapy, previous studies have reported an association between a high level of mutation within the HVR1 and failure to respond to IFN (16, 30, 37, 38, 40, 47) . In contrast, for the nonstructural NS5A gene, conservation of sequence was associated with lack of response to IFN therapy: a consensus IFN sensitivity-determining region (ISDR) sequence was associated with lack of response to IFN in Japanese patients infected with HCV genotype 1b (HCV-1b), while mutations within the ISDR were associated with response to IFN therapy (2, 11, 12) . Recent studies from Europe on HCV-1b-infected patients (15, 33, 43, 55) do not support such a correlation between ISDR sequences and responses to IFN therapy.
In a recent study of North American patients infected with HCV-1, no correlation between ISDR sequences and responses to IFN therapy was found in 15 HCV-1a-infected patients, while the ISDR consensus or intermediate sequence was detected in four of five HCV-1b-infected patients who either were nonresponsive to IFN therapy or responded and then relapsed after stopping IFN therapy (27) . Moreover, it has recently been shown that the NS5A gene product interacts with the IFN-induced cellular protein kinase, PKR, in an ISDRdependent fashion, inhibiting PKR activity (14) . Thus, the interaction of NS5A with PKR may represent one mechanism used by HCV to resist the antiviral activities of IFN and may explain the clinical observations of HCV-1b ISDR mutation and response to IFN therapy. Therefore, to further investigate the role of HCV genetic divergence in the development of resistance to IFN therapy, we performed a detailed analysis of the mutational frequency of the E2 HVR1 and NS5A ISDR, before and after standard IFN therapy, using a combination of heteroduplex analysis (7, 8, 21, 40, 52) and nucleotide sequencing. For comparison, we also present data on E2 HVR1 and NS5A ISDR evolution rates in nine untreated control patients.
MATERIALS AND METHODS
Patients and virologic monitoring. Serum samples were obtained before, during, and after IFN therapy from nine patients with active HCV infections who were participating under informed consent in ongoing studies at the University of Washington Medical Center. Active HCV infection was determined by positive serologic testing for HCV antibodies (EIA2 [Abbott Laboratories] and RIBA II [Ortho Diagnostics]), by positive testing for HCV RNA by reverse transcriptase-mediated PCR (RT-PCR) using primers specific to the 5Ј untranslated region, and by abnormal biochemical markers (18, 22) . HCV genotype was determined by restriction fragment length polymorphism analysis of the 5Ј noncoding region (5) . Changes in HCV RNA levels were monitored by quantitative competitive PCR and bDNA version 2.0 (Chiron Corporation, Emeryville, Calif.) (17, 19) . Nonresponse was defined as continuous detection of HCV RNA in patient serum during therapy; four patients (patients 1 to 4) were designated nonresponders. Response to IFN therapy was defined virologically as the sustained conversion of a patient to HCV RNA-negative status by RT-PCR during therapy. Patients who relapsed following discontinuation of therapy (patients 6 to 9) were designated responder-relapse, while the patient who initially responded to IFN therapy but experienced breakthrough of HCV viremia while still on IFN therapy (patient 5) was designated a responder-breakthrough. In addition, sequential samples taken on average 8.4 years apart were obtained for nine control patients who did not receive IFN therapy. Of the nine patients, five were infected with HCV-1a and four were infected with HCV-1b. Heteroduplex analysis and nucleotide sequencing results from three control patients (patients 10 to 12) are presented in detail in this report.
RNA extraction, PCR, cloning, and sequencing. Total RNA was extracted from patient sera by the single-step guanidinium method (3, 52) . The HVR1 was amplified by reverse transcriptase-nested PCR and cloned as described previously (52) . Nested PCR was also used to amplify the ISDR. For genotype 1a, outer primer set 5A-1a-2 (5ЈTGACGTCCATGCTCACTGAT and 5ЈGAGACT TCCGCAGGATTTCT) and inner primer set 5A-1a-1 (5Ј CCTCCCATATAA CAGCAGAG and 5ЈCGAAGGAGTCCAGAATCACC) were used. For genotype 1b, outer primer set 5A-1b-2 (5ЈCAGAGACGGCTAAGCGTAGG and 5ЈCTGGATTTCCGCAGGATCTC) and inner primer set 5A-1b-1 (5ЈTCCTTG GCCAGCTCTTCAGC and 5ЈTCCCTCTCATCCTCCTCGC) were used. ISDR sequences were amplified by hot-start nested PCR with the following cycling parameters: 30 s at 94°C, 25 s at 65°C, and 30 s at 72°C for 30 cycles with 50 pmol of each primer. PCR products were then cloned in the TA cloning vector (Invitrogen), and plasmid DNA containing HVR1 or ISDR inserts was prepared for sequencing using the QIAwell plasmid prep system (Qiagen) and sequenced by the fluorescence-based Taq dye deoxy terminator cycle sequencing system (ABI), using M13 universal primers as described previously (52) . For direct sequencing of PCR products, a third primer set, 5A-1a-3 (5ЈTAGTCGGGCTT TTTCCACG and 5Ј TAGGGTCGCAATTACCTTG) or 5A-1b-3 (5ЈCAGAGA CGGCTAAGCGTAGG and 5ЈCTGGATTTCCGCAGGATCTC), was used in first-round PCR amplification, followed by either the 5A-1a-2 or 5A-1b-2 primer set in second-round PCR amplification. PCR products were gel purified and directly sequenced in both directions, using primer sets 5A-1a-1 and 5A-1b-1 for genotype 1a and 1b ISDR sequences, respectively. Sequences were analyzed with the Genetics Computer Group software. For calculation of the rate of fixation of mutation of the HVR1 and ISDR, the percent change in heteroduplex mobility ratio (HMR) (see below) per year was calculated.
Heteroduplex analysis. The heteroduplex mobility assay is a new technique (7, 8) that we have applied for the assessment of genetic heterogeneity of HCV quasispecies (21, 40, 52) . In a related technique, termed the heteroduplex tracking assay (HTA), a radiolabeled probe is hybridized to unlabeled target DNA and analyzed by nondenaturing polyacrylamide gel electrophoresis plus autoradiography (7, 8) . Probe hybridized to itself (unlabeled) served as a marker for identification of homoduplexes. Hybrids with nucleotide changes relative to the probe displayed retarded mobility and were identified as heteroduplexes. To determine the total number of variants in a quasispecies population (complexity), the genetic diversity of the individual variants, and their relative abundance, clonal frequency analysis was performed as described previously (21, 40, 52) . The clonal frequency analysis technique provides a detailed assessment of the level of quasispecies complexity and genetic diversity, because a large number of individual clones are simultaneously analyzed by hybridization with a patient-specific probe (21, 40, 52) . In brief, PCR products from selected time points were ligated into the TA cloning vector, and individual clones were reamplified to generate clonal PCR products for heteroduplex analysis. At least 20 recombinant HVR1 or ISDR clones were subjected to clonal frequency analysis.
Quasispecies complexity was determined by counting the total number of unique gel shift patterns. Quasispecies genetic diversity was determined by deriving the average heteroduplex mobility of all clones relative to the homoduplex probe control. An HMR was calculated by dividing the distance in millimeters from the origin of the gel to the heteroduplex by the distance in millimeters from the origin to the homoduplex control. In cases where both strands of the heteroduplex were clearly distinguishable, the average of the distance of each strand of the heteroduplex was used to calculate heteroduplex mobility (40) . The HMRs for all variants in the population were averaged to provide the final HMR value. To estimate the percent genetic change within the HVR1 and ISDR between two time points the percent change in HMR was calculated as (HMR time 2 Ϫ HMR time 1 /HMR time 1 ) ϫ 100, where HMR time 1 and HMR time 2 represent the HMRs from pre-IFN and post-IFN therapy time points, respectively. For the untreated control patients, HMR time 1 and HMR time 2 represent the two time points at which serum was collected. To follow the temporal changes in the total quasispecies population during IFN therapy, HTA (7, 8) was performed with a radiolabeled probe hybridized separately to heterogeneous PCR products amplified from patient serum before, during, and after IFN therapy as described previously (21, 40, 52) . For some patients, the entire heterogeneous PCR product was labeled by subjecting the second-round PCR products to an additional three cycles of PCR in the presence of [␣- 33 P]dATP and 33 mol of each deoxynucleoside triphosphate. Probes were then mixed with target at the ratio of 1:100 in annealing buffer (100 mM NaCl, 10 mM Tris-HCl [pH 7.8], 2 mM EDTA), denatured in boiling water for 2 min, placed immediately on ice for 10 min, and then incubated at 55°C for 10 min to form heteroduplexes (34) . The resulting reaction products were electrophoresed in 5% neutral polyacrylamide gels, dried, and scanned with a Molecular Dynamics (Sunnyvale, Calif.) PhosphorImager.
Statistical analyses. Student's t tests were used to compare the differences between HMRs at different time points and between HVR1 and ISDR rates of fixation of mutations, while linear regression was used to determine the correlation between percent change in HMR and percent change in nucleotides.
RESULTS

Assessment of HCV infection during IFN therapy.
The virological and clinical features of the nine patients who were treated with IFN and three of the nine untreated control patients are shown in Table 1 . There was no significant difference in pretreatment HCV titers between any of the response groups.
Utility of heteroduplex analysis to quantitate changes in quasispecies genetic diversity over time. We have previously demonstrated that the extent of HCV quasispecies genetic diversity, expressed as an HMR (see Materials and Methods), is proportional to the nucleotide sequence differences between any probe and target molecule (40) . Figure 1 depicts a strong correlation (r ϭ 0.941, P Ͻ 0.01) between the percent change in nucleotide sequence between two quasispecies variants from two different time points and the percent change in HMR for the two variants, defined as (HMR time 2 Ϫ HMR time 1 / HMR time 1 ) ϫ 100. The data were derived by analysis of HCV heteroduplex mobilities for 60 DNA specimens amplified from the HVR1 (n ϭ 48) and the ISDR (n ϭ 12). These data indicate that it is possible to estimate the extent of change or evolution within the HVR1 and ISDR between any two time points in a given patient by measuring the percent change in HMR. Figure 2 illustrates the changes in the clonal frequency of HCV quasispecies among three selected patients, determined by the clonal frequency analysis technique. In each case, mutation patterns in the HVR1 and ISDR were compared between two time points. Figure 2A depicts the changes in the HVR1 and ISDR for control patient 10 over a time interval of 12 years. For this patient, the HVR1 evolved extensively over 12 years, with the HMR decreasing from 0.881 to 0.779 (P Ͻ 0.01) between the two time points, indicating an increase in overall genetic diversity ( Fig. 2A, top) . The ISDR, however, remained genetically stable during this interval, as evidenced by similar clonal frequency analysis patterns and similar HMRs (0.992 versus 0.990, P ϭ 0.08) at the two time points (Fig. 2A,  bottom) . Figure 2B illustrates the changes in the HVR1 and ISDR before and after IFN therapy for an IFN nonresponder (patient 1). In the HVR1, two predominant variant populations were detected at both time points for patient 1 (Fig. 2B, top) . One variant formed slowly migrating heteroduplexes, indicating substantial divergence from the other variant. Upon sequencing, we found that variants 1 and 2 differed by 31 nucleotides and 16 amino acids (data not shown). In direct contrast to the HVR1, patient 1 displayed genetic heterogeneity within the ISDR in pretreatment serum, with a complexity of eight unique gel shifts variants (Fig. 2B, bottom) . During IFN therapy, the heterogeneity of the ISDR quasispecies population lessened, so that at 32 weeks only three unique ISDR variants were detected. The HMR increased from pretreatment to the posttreatment time point (0.954 versus 0.988, P Ͻ 0.01), indicating a reduction in overall ISDR genetic diversity during therapy. These experiments indicated that for patient 1, the HCV quasispecies changed less extensively in the HVR1 than the ISDR during IFN. Furthermore, nonresponse to IFN therapy was associated with homogenization of the ISDR quasispecies population toward the intermediate type ISDR sequence associated with IFN resistance (12) (see Fig. 5 ). Figure 2C (top) indicates that for nonresponsive patient 2, HVR1 quasispecies heterogeneity increased following IFN therapy relative to the pretreatment time point, as evidenced by slowly migrating heteroduplexes in the posttherapy autoradiogram. The HMR decreased from 0.9303 to 0.725 (P Ͻ 0.01), indicating an overall increase in quasispecies genetic diversity. For this patient, one of the major HVR1 variants present at 49 weeks was derived from a minor HVR1 variant present in pretreatment serum, which suggested that selective expansion of a minor variant occurred during IFN therapy (data not shown). The ISDR quasispecies population in nonresponsive patient 2 appeared relatively unchanged by IFN therapy, as shown by similar clonal frequency patterns before and after therapy (Fig. 2C, bottom) . The HMR of the ISDR remained unchanged between pretreatment and posttreatment time points (0.995 versus 0.995, P ϭ 0.964). Therefore, these results indicate that for patient 2, evolution of the HVR1 occurred during IFN therapy, while the ISDR remained relatively unchanged.
Changes in the HVR1 in responder-relapse patients. Figure  3 depicts the changes in the HVR1 observed during IFN therapy for responder-relapse patients 6 and 8, using a combination of the HTA and clonal frequency analysis. The right side of Fig. 3A illustrates the HVR1 quasispecies profile detected by HTA for patient 6; the clonal frequency analysis from the pretreatment time point is shown the left. HTA clearly demonstrates a major change in the HVR1 quasispecies profile of this patient which was associated with virologic relapse, while the clonal frequency analysis indicates considerable genetic heterogeneity within this region at the onset of therapy (HMR ϭ 0.968, complexity ϭ 5 unique variants). Similarly for patient 8, virologic relapse was associated with a clear change in the HVR1 quasispecies distribution. Furthermore, there was extensive pretreatment HVR1 quasispecies genetic heterogeneity (Fig. 3B) , as determined by the extent (HMR ϭ 0.972) and number of unique gel shifts (complexity ϭ 11 unique variants). Responder-relapse patient 7 also displayed major changes in the HVR1 coincident with virologic relapse, FIG. 1. Estimation of percent change in genetic diversity between two time points, using heteroduplex analysis. The correlation between percent change in HMR and percent change in nucleotide sequence of quasispecies major variants between two time points is depicted. The r value for the correlation was 0.941 (P Ͻ 0.01). The data were derived from 60 paired specimens for which both HMR and nucleotide sequence data were available. Of the 60 measurements, 12 were derived from pairs of ISDR clones and 48 were derived from pairs of HVR1 clones. a Patients 1 to 4 were nonresponders (NR), while patient 5 was a responder who experienced virologic breakthrough (RB) during therapy (Rx). Patients 6 to 9 were responder-relapsers (RR) who were negative at the end of therapy but relapsed following cessation of therapy. Patients 10 to 12 represent untreated control patients.
b Dose of IFN was for 6 months unless otherwise stated. tiw, three times per week; NA, not applicable.
c Viral RNA was quantitated by bDNA assay, and whenever bDNA was negative, quantitative PCR was performed to determine the residual quantity of viral RNA. Neg, negative for HCV RNA by RT-PCR.
FIG. 2.
Clonal frequency analysis of the temporal changes in HCV quasispecies in the HVR1 and ISDR. The autoradiograms on the left represent clonal frequency analysis of the HVR1 or the ISDR derived from time zero (for patient 10) or pretreatment (patients 1 and 2) time point, while the autoradiograms on the right represent clonal frequency analysis of the HVR1 or ISDR derived from the year 12 (patient 10) or posttreatment (patients 1 and 2) time point. Radiolabeled HVR1 or ISDR probes corresponding to pretreatment quasispecies major variants were hybridized to HVR1 or ISDR PCR products derived from individual recombinant HVR1 or ISDR molecules, and heteroduplex analysis was performed as described in Materials and Methods. The position of the homoduplex is indicated with a line, while the reference homoduplex probe is labeled P. (A) Changes in the HVR1 and ISDR for control patient 10 with a time interval of 12 years between specimens; (B) profile of changes in the HVR1 and ISDR before and after IFN therapy (50 weeks) for nonresponsive patient 1; (C) profile of changes in the HVR1 and ISDR before and after IFN therapy (49 weeks) for nonresponsive patient 2.
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on September 21, 2017 by guest http://jvi.asm.org/ while patient 9 displayed changes in the proportion of minor HVR1 quasispecies variants (Fig. 4 and data not shown) . Changes in the HVR1 and ISDR in patients 4, 5, 7, and 9. Figure 4 illustrates HTA of the HVR1 and ISDR derived from the pretreatment and posttreatment time points for patients 4, 5, 7, and 9. As shown in Fig. 4A , HVR1 sequences did not change significantly for nonresponder patient 4 or for responder-breakthrough patient 5. However, responder-relapse patient 7 displayed a gel shift pattern that was consistent with a change in the predominant HVR1 quasispecies variant during virologic relapse. Responder-relapse patient 9 also displayed changes in the proportions of minor HVR1 quasispecies variants during virologic relapse, but the predominant HVR1 quasispecies variant remained stable. In contrast to the mutations observed in the HVR1, no significant changes could be seen in the ISDR for patients 4, 7, and 9 following IFN therapy compared to the pretreatment quasispecies (Fig. 4B) .
Direct sequencing analysis of the ISDR. Direct sequencing of the PCR products from pretreatment and posttreatment time points confirmed the relative stasis of the ISDR during IFN therapy in most patients (Fig. 5) . As described by Enomoto and colleagues (11) , patients with ISDR sequences identical to the consensus HCV-1b sequence, HCV-J, were generally nonresponsive to IFN therapy. Eighty-seven percent of patients with one to three mutations in the ISDR (classified as intermediate-type sequences) were nonresponsive to IFN ther- FIG. 3 . Assessment of pretreatment HVR1 quasispecies heterogeneity by clonal frequency analysis (left) and analysis of the temporal changes in HVR1 quasispecies by HTA (right) in responder-relapse patients 6 (A) and 8 (B). For clonal frequency analysis, representative pretreatment HVR1 clones were hybridized to a patient-specific, radiolabeled HVR1 probe and subjected to heteroduplex analysis. For HTA, heterogeneous HVR1 PCR products from the indicated time points were subjected to heteroduplex analysis.
FIG. 4.
HTA for patients 4, 5, 7, and 9 for the HVR1 and ISDR. Pretreatment and posttreatment HVR1 and ISDR sequences were analyzed by HTA using the corresponding patient's heterogeneous pretreatment PCR product as a radiolabeled probe. Lanes: P, 33 P-radiolabeled probe; Pr, Po, and BT, pretreatment, posttreatment, and breakthrough time points, respectively. Note that for the ISDR, two different-size PCR products were analyzed, one corresponding to the ISDR from genotype 1a-infected patients and the other corresponding to the ISDR from genotype 1b-infected patients. apy, while most patients with four or more mutations in the ISDR relative to the consensus sequence were responsive to therapy. As shown in Fig. 5 , nonresponsive patient 1 had two major ISDR variants in pretreatment serum; one (preMV2) had amino acid mutations consistent with it being classified as IFN sensitive, while the other major variant (preMV1) would be classified as intermediate type in the Enomoto classification scheme (12) . Following IFN therapy, only intermediate-type ISDR sequences (preMV1) remained. Nonresponsive patients 2 to 4 all had ISDR sequences which did not change following IFN therapy. Three amino acid changes in the ISDR were detected at virologic relapse in responder-breakthrough patient 5. These changes were maintained until the end of therapy. Responder-relapse patients 6 to 9 all had ISDR sequences which did not change during IFN therapy. Control patients 10 and 11 each had ISDR sequences that differed by one amino acid between the 12-and 9-year follow-up specimens, respectively. Remarkably, the sequence of the ISDR in patient 12 changed significantly during the 13-year time period, accumulating nine amino acid changes and one deletion at codon 2218.
Rate of fixation of mutations in the HVR1 and ISDR. Due to the strong correlation between the percent change in HMR and percent nucleotide change between two time points, we were able to calculate the rate of fixation of mutations for the HVR1 and ISDR for our patient population. For the IFNtreated patients, the rate of fixation of mutation of the HVR1 was higher than that of the ISDR (6.97% versus 1.09% change in HMR/year, P ϭ 0.019). The rate of fixation of mutation of the HVR1 was higher for IFN-treated patients than for all nine untreated control patients (6.97% versus 1.31% change in HMR/year, P ϭ 0.02). Similarly, the rate of fixation of mutations in the ISDR was approximately 10-fold higher for IFNtreated patients than for untreated control patients (1.45% versus 0.15% percent amino acid changes/year), although the results for ISDR did not reach statistical significance (P ϭ 0.12). IFN therapy was associated with detectable HVR1 FIG. 5 . Direct sequencing of the ISDR before and after IFN therapy. ISDR sequences are shown for IFN-treated patients 1 to 9 and untreated control patients 10 to 12. (A) Alignment of the ISDR from genotype 1a-infected patients relative to the ISDR of the prototype genotype 1a strain of HCV, HCV-1 (accession no. M62321). The underlines represent the three amino acid changes in the putative ISDR of genotype 1a that differ from the prototype genotype 1b ISDR. (B) Alignment of the ISDR from genotype 1b-infected patients relative to the consensus ISDR associated with IFN resistance from the prototype genotype 1b strain of HCV, HCV-J (accession no. D90208). For patient 5, BT represents the breakthrough time point. preMV1 and preMV2 represent the two ISDR variants detected in pretreatment (pre) serum of patient 1. post, posttreatment.
and ISDR mutation in nine of nine (100%) and two of nine (22.2%) patients, respectively. These data are depicted graphically for individual IFN-treated and control patients in Fig. 6A and B and for both patient populations in Fig. 6C .
DISCUSSION
The effect of IFN therapy on HCV quasispecies is currently an important and controversial topic. This study presents detailed analysis of two regions of HCV-1 (HVR1 and ISDR) in nine patients before and after IFN therapy and in nine untreated control patients. The most controversial issue related to HCV quasispecies and IFN therapy pertains to the putative ISDR first described for genotype 1b isolates from Japan by Enomoto and colleagues (11) . Although several studies have confirmed this report (2, 12) , others do not support such an association (15, 33, 43, 55) . Mutation of the HVR1 during natural HCV infection is well documented (13, 24, 25, 32, 39, 49, 50, 56) , and several groups including our own have reported a significant inverse correlation between the extent of HVR1 divergence in pretreatment sera and subsequent response to IFN therapy (16, 30, 37, 38, 40, 47) . Previous reports have demonstrated changes in HVR1 coincident with biochemical (10, 36) and virologic (38) relapse following cessation of IFN therapy. However, the present study is the first to quantify the rate of HVR1 divergence during therapy in direct comparison with a genotype-matched control population.
The present results can be summarized as follows. IFN therapy was associated with an increased rate of fixation of mutations in both the HVR1 and the ISDR of HCV-1 compared to the same regions analyzed in genotype-matched untreated control patients. The results were statistically significant for the HVR1 but not for the ISDR, even though the mean rate of ISDR divergence was 10-fold greater in treated patients than in controls. Similar to previous studies, we observed significant HVR1 divergence in two of four IFN nonresponders, the one responder breakthrough patient, and all four responder-relapse patients, further supporting the hypothesis that IFN partially acts through immunomodulatory mechanisms in chronic hepatitis C. The lack of statistical significance related to ISDR divergence may be a consequence of the small sample size (nine patients). However, accelerated genetic divergence of the ISDR was observed in only two of nine treated patients; in the remaining seven patients, the ISDR quasispecies master sequence remained stable during the 6-month course of IFN therapy ( Fig. 5 and 6B ). The most likely explanation for these results is that IFN exerts selective pressure on the ISDR of only a subset of patients with HCV-1 infection, which would be consistent with the controversial findings in clinical studies from Japan and Europe. It has been postulated that the differences in study outcome possibly reflects geographic differences in viral or host factors (23) . It is noteworthy that one of the two patients with divergent ISDR sequences during therapy was infected with genotype 1a and the other was infected with genotype 1b; thus, our findings may not be related to HCV subtype. Although mutation in the HVR1 has been clearly linked to viral persistence in humans via antibody escape mechanisms (13, 32, 51) , the selective forces acting on the ISDR could be immunological, as is postulated for HVR1, or could reflect molecular interactions with host cell proteins, as suggested by studies which demonstrate interaction of NS5A with the cellular protein kinases, PKR (14) , and a member of the CMGC kinase family (41) (required for phosphorylation of NS5A [46] ). Further studies will help better define the selective forces acting on the ISDR.
This study demonstrates that HVR1 and ISDR show different patterns of evolution under IFN pressure. In one subject (patient 1) who was infected with HCV-1b, we saw no significant effect of IFN on HVR1 sequences, as two major variants were consistently observed in roughly equal proportions in the patient's serum before, during, and after therapy. Surprisingly, however, we observed striking alterations in the ISDR during therapy. Before treatment, many genetic variants existed in the ISDR, and the work of Enomoto et al. (11, 12) indicated that a majority had sequences associated with IFN sensitivity. During IFN therapy, this region became genetically more homogeneous, with a reduction in genetic complexity and diversity. The genetic variants which emerged during IFN therapy had FIG. 6 . Summary of the changes in rate of fixation of mutations in the HVR1 and ISDR for IFN-treated patients 1 to 9 and untreated control patients 10 to 18. (A) Changes in the HVR1, expressed as the percent change in HMR per year; (B) changes in the ISDR, expressed as the percent change in amino acids per year; (C) summary graph comparing changes in both the HVR1 and ISDR for the IFN-treated and control patient populations. For the HVR1, the average values for IFN-treated and control patients were 6.97 and 1.31% percent change in HMR per year, respectively (P ϭ 0.019); for the ISDR, the average values for IFN-treated and control patients were 1.45 and 0.15% change in amino acids per year, respectively (P ϭ 0.12).
the intermediate-type ISDR sequences associated with IFN resistance. This finding suggests that IFN induced a selective pressure on the ISDR toward the IFN-resistant phenotype and that IFN was not exerting selective pressure on the HVR1 in this case. However, it must be stressed that patient 1 was the only patient who displayed changes in the quasispecies distribution of the ISDR toward the IFN-resistant motif. The finding of nine amino acid changes and a single amino acid deletion at codon 2218 in the ISDR of untreated control patient 12 (Fig. 5) suggests that the ISDR diversification may occur as a result of other unidentified selective pressures. In this control patient, genetic change in the ISDR were associated with a 10-fold decrease in HCV RNA titers, suggesting the mutation may have reduced the replicative capacity of the virus.
The findings reported herein suggest that the ISDR locus per se does not function in a manner consistent with a major role in mediating IFN resistance in the majority of patients from our geographic area. This is in accord with recent studies from Europe (15, 33, 42, 55) and Japan, which described patients who had consensus IFN-resistant ISDR sequences yet still responded to IFN therapy (2) . Furthermore, we have recently demonstrated that there is no particular ISDR sequence associated with response or nonresponse in HCV-1a-infected patients receiving IFN therapy, while there may be such an association for HCV-1b infections in patients from our geographic area (27) . Thus, although the ISDR may modulate in part the response to IFN, as suggested by the inhibition of the IFN-induced protein kinase, PKR, by NS5A (14) , it is possible that other domains of the NS5A protein possess functions which directly or indirectly influence response to IFN therapy. In this regard, recent studies indicate that the amino-terminal region of NS5A has a transcriptional activation function in yeast (31, 45) . Thus, future clinical and molecular studies should be aimed at the entire coding region of NS5A in addition to other HCV genes.
The use of clonal frequency analysis in this study allowed multiple quasispecies clonal variants to be assayed simultaneously, which provided an accurate assessment of the overall level of quasispecies heterogeneity (reviewed in reference 20). This technique also identified certain HVR1 minor quasispecies variants which persisted during IFN therapy and reappeared as major quasispecies variants at the end of therapy (e.g., patient 2). This observation attests to the sensitivity of heteroduplex analysis in the detection of minor quasispecies variants and suggests that IFN therapy induced selective expansion of a minor quasispecies population. Using heteroduplex analysis, Gretch et al. also found emergence of minor quasispecies variants in liver transplant recipients with asymptomatic HCV infections (21) .
The clinical importance of the current study is the demonstration of significant alterations in the HCV genome in nonresponsive or relapse patients infected with HCV-1 who were treated with IFN via the standard thrice-weekly regimen. Our results suggest a comparison of the antiviral efficacy of IFN when given via daily versus intermittent dosing regimens, or when given as monotherapy compared to combination therapy, to a cohort of matched subjects, i.e., those with similar HCV RNA levels and HCV genotypes at study initiation. Such combined clinical-molecular studies should prove useful for determining the mechanisms of action of therapeutic agents like IFN and for further optimizing antiviral therapy for chronic hepatitis C.
